Introduction
Type 1 NKT cells are a unique subset of CD1d restricted αβ-T cells that express highly conserved semi-invariant TCR (1, 2). Recognition of glycolipid antigens in association with the nonpolymorphic CD1d molecule (3) characteristically leads to rapid production of a range of immunomodulatory cytokines including IFN-γ and IL-4 (4). NKT cells play important roles in the regulation of transplant tolerance (5) (6) (7) (8) and are key components in both innate (9, 10) and adaptive (11) (12) (13) tumor responses.
Allogeneic hemopoietic stem cell transplantation (SCT) is the definitive therapy for an increasing variety of hematological and nonhematological malignancies. Following allogeneic SCT, however, beneficial immunological graft-versus-leukemia (GVL) effects are frequently effaced by the development of destructive graft-versus-host disease (GVHD). Administration of G-CSF leads to mobilization of hemopoietic progenitors from the bone marrow to the peripheral blood (reviewed in ref. 14) , which may be collected and utilized as the stem cell source for allogeneic SCT. Donor mobilization with cytokines reduces T cell-mediated GVHD (15) (16) (17) (18) (19) (20) (21) (22) (23) although the definitive mechanism remains to be determined.
Despite being closely related, GVL effects may be observed in the absence of GVHD (24) . Meaningful separation in clinical practice, however, remains the focus of intense study (16-22, 25, 26) .
Progenipoietin-1 (ProGP-1) is a potent chimeric cytokine that stimulates both G-CSF and FMS-like tyrosine kinase 3 ligand (Flt-3L) receptors (27) (28) (29) and significantly reduces GVHD in a preclinical model of hemopoietic SCT (30) . Concurrent preservation of the GVL effect is essential for the effective management of malignant disease, and we report that donor mobilization with ProGP-1 in fact enhances NKT cell-dependent leukemia eradication and effectively separates GVHD and GVL effects.
α-galactosylceramide (α-GalCer) analog C20:2 resulted in increased production of IFN-γ ( Figure 1B ). Since IFN-γ production by NKT cells in response to TCR ligation will also reflect the efficiency of glycolipid presentation by APCs within spleen, which is likely to be enhanced in ProGP-1 splenocytes, purified NKT cells were also stimulated with α-GalCer (C20:2) in the presence of purified DCs. As shown in Figure 1C , NKT cells from ProGP-1-mobilized donors produced significantly more IFN-γ when compared with those from control donors. Thus donor mobilization with ProGP-1 expands and activates type 1 NKT cells that have enhanced functional responses to TCR stimulation.
ProGP-1 increases CD8 + T cell cytotoxicity following allogeneic SCT with "help" provided by CD4 + T cells and type 1 NKT cells. Since NKT cells
have roles in both immunoregulation and tumor surveillance (1, 33), we next determined relative levels of in vivo cellular cytotoxicity (using the in vivo cytotoxicity assay described in Methods) following G-CSF or ProGP-1 mobilization. Following syngeneic SCT (B6D2F1 to B6D2F1), the in vivo cytotoxicity index was approximately 1 in all recipients irrespective of donor mobilization with G-CSF or ProGP-1 (Figure 2A ). Thus, in the absence of alloreactivity, splenocytes infused at day 12 distribute equally regardless of donor mobilization. Following allogeneic (C57BL/6 to B6D2F1) SCT, however, in vivo cytotoxicity was significantly greater in recipients of ProGP-1-mobilized grafts (Figure 2A ), and this was confirmed by ex vivo 51 Cr-release cytotoxicity assays ( Figure 2B ).
To examine the relative contributions of different T cell subsets to cytotoxicity, lethally irradiated mice received grafts from ProGP-1-mobilized WT or type 1 NKT cell-deficient (Jα18 -/-) donors. Grafts consisted of whole spleen or WT splenocytes depleted of CD4 + T cells, CD8 + T cells, or both. CD8 + T cells (CD8αβ) were specifically depleted with anti-CD8β, allowing preservation of CD8 + DCs (CD8αα) (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI25249DS1). As shown in Figure 2C , in vivo cytotoxicity to host antigens was almost completely abolished following depletion of CD8 + T cells. Cytotoxicity in recipients of grafts depleted of only CD4 + T cells or from Jα18 -/-donors (containing equivalent proportions and numbers of T cell subsets; ref. 34 ) was reduced although not abolished. CD8 + T cell reconstitution, however, was not impaired following the transplantation of grafts lacking CD4 + T cells or NKT cells (Supplemental Figure 1B) . Since the type 1 NKT cell compartment in mice consists of CD4 + and double-negative (CD4 -CD8 -) NKT cells (1), we also determined in vivo cytotoxicity in recipients of ProGP-1-mobilized grafts consisting of CD4-depleted splenocytes plus purified CD4 + T cells from either WT or Jα18 -/-donors. As shown in Figure 2C , cytotoxicity in recipients of CD4-depleted grafts plus Jα18 -/-CD4 + T cells (containing conventional CD4 + T cells but not CD4 + NKT cells) returned to levels seen in recipients of unmanipulated WT grafts. Thus, reduced cytotoxicity following CD4 depletion is due to loss of conventional CD4 + T cells rather than CD4 + NKT cells. In addition, this suggests that the presence of double-negative NKT cells allows maximal enhancement of cytotoxicity. In 51 Cr-release assays, donor CD8 + T cells from recipients of whole spleen exerted significantly increased cytotoxicity against host antigens relative to recipients of CD4-depleted or NKT cell-deficient splenocytes (Figure 2D) . Purified donor CD4 + T cells, however, failed to exert direct
Figure 1
ProGP-1 expands type 1 NKT cells and enhances in vitro responses to α-GalCer. (A) C57BL/6 mice received control diluent, G-CSF, or ProGP-1. The relative proportion, absolute number, and mean fluorescence intensity (MFI) of CD69 staining of type 1 NKT cells (defined as α-GalCer-loaded CD1d tetramer + /αβTCR + ) were determined by FACS analysis (control, n = 3; G-CSF, n = 6; ProGP-1, n = 6). *P ≤ 0.05 vs. other groups. Combined data from 2 experiments shown. DN, double negative. (B) Whole spleen (5 × 10 6 cells) was cultured with α-GalCer (C20:2) and supernatant IFN-γ determined by ELISA after 24 hours. **P < 0.05 vs. other groups. Combined data from 2 experiments shown. (C) NKT cells were sorted from control or ProGP-1-mobilized splenocytes as the CD11b -, 7-aminoactinomycin D negative, TCR + , NK1.1 + population (circled). Sorted NKT cells (2.5 × 10 4 cells) were cultured with purified DCs (2.5 × 10 4 cells) and α-GalCer (C20:2); supernatant IFN-γ was determined by ELISA after 24 hours. **P < 0.05 vs. control. Combined data from 2 experiments shown.
cytotoxicity against host or donor-type 51 Cr-labeled class II + LPS blasts (Supplemental Figure 1C) . In contrast to ProGP-1 however, cytotoxicity following mobilization with G-CSF was not dependent on the presence of NKT cells in vivo ( Figure 2E ) or ex vivo ( Figure  2F ). Thus, donor mobilization with ProGP-1 increases CD8 + T cell cytotoxicity directed against host-type antigens, and maximal CD8 + T cell-mediated cytotoxicity is dependent on the presence of both CD4 + T cells and double-negative NKT cells.
Donor mobilization with ProGP-1 effectively separates GVHD and GVL effects following allogeneic SCT. Since CD8 + T cell-mediated cytotoxicity is enhanced following donor mobilization with ProGP-1, we examined effects on leukemia clearance following allogeneic SCT. Lethally irradiated B6D2F1 mice received grafts consisting of whole spleen plus 1 × 10 4 P815 (H-2 d ). As previously described, recipients of grafts from control allogeneic donors die rapidly (median: 9 days) with characteristic features of GVHD (FigFigure 2 ProGP-1 enhances CD8 + T cell cytotoxicity following allogeneic SCT. (A) Irradiated B6D2F1 mice received whole spleen from donors mobilized with G-CSF or ProGP-1. In vivo cytotoxicity was determined as described in Methods (syngeneic, n = 3 per group; allogeneic, n = 5 per group). *P = 0.008 G-CSF allogeneic vs. ProGP-1 allogeneic. (B) At day 13 after SCT, whole spleen was utilized as the effector population in 51 Cr-release CTL assays; host-type target, P815; donor-type target, EL4. **P < 0.05 vs. other groups. One of 2 identical experiments shown. (C) Irradiated B6D2F1 mice received whole spleen, CD4 + -or CD8β + -depleted spleen, or CD4 + -and CD8β + -depleted spleen from WT donors (n = 9 per group). Additional cohorts received whole spleen from Jα18 -/-donors or CD4 + -depleted spleen from WT donors supplemented with purified CD4 + T cells from WT or Jα18 -/-donors (n = 5 per group). All donors were mobilized with ProGP-1. In vivo cytotoxicity was determined at day 12. **P < 0.05 vs. WT whole spleen. Combined data from 2 experiments shown. (D) CD8 + T cells were sort-purified at day 13 from recipients of whole WT spleen, CD4 + -depleted spleen, or whole Jα18 -/-spleen and utilized as effectors in 51 Cr-release CTL assays. **P < 0.05 WT nondepleted anti-host vs. WT CD4 + -depleted anti-host or Jα18 -/-anti-host. (E) Irradiated B6D2F1 mice received grafts from WT or Jα18 -/-donors mobilized with G-CSF or ProGP-1; in vivo cytotoxicity index was determined at day 12 (n = 6 per group). # P = 0.002 WT ProGP-1 vs. Jα18 -/-ProGP-1. (F) CD8 + T cells were sort-purified at day 13 and utilized as effectors in 51 Cr-release CTL assays; P815 target population. **P < 0.05 WT ProGP-1 vs. all other groups. ure 3) (23, 30) . Mice receiving syngeneic grafts also died rapidly (median: 14 days) with evidence of progressive leukemia, regardless of mobilization with control diluent, G-CSF, or ProGP-1 (data for control diluent only shown). Following donor mobilization with G-CSF, overall survival at day 70 was 31%, with death attributable to GVHD in 55% and leukemic progression in 30% by Kaplan-Meier analysis. In contrast, overall survival at day 70 in recipients of ProGP-1-mobilized grafts was 73%, with 23% dying from GVHD and only 4% dying from leukemia (P < 0.05 versus G-CSF). Thus, mobilization with ProGP-1 improved overall survival due to effective separation of GVHD and GVL effects.
ProGP-1-mobilized NKT cells enhance host DC activation and subsequent CD8 + -dependent GVL effects. Since GVL effects following SCT are dependent on host APCs (35), we examined the expression of activation markers on host DCs following transplantation in the presence or absence of NKT cells. At 24 hours after SCT, more than 90% of Class II + CD11c + DCs were of host origin (determined by lack of expression of the congenic donor marker CD45.1; data not shown). Expression of the activation molecules CD40, IL-12, IL-6, and TNF-α by host DCs was increased in recipients of WT NKT cell-replete ProGP-1-mobilized grafts ( Figure 4A ). These molecules are known to be regulated by IFN-γ (36), which is produced in large amounts by ProGP-1-mobilized NKT cells following activation ( Figure 1C ).
Following allogeneic SCT and P815 challenge (5 × 10 4 cells per animal), recipients of T cell-depleted grafts from WT or Jα18 -/-donors mobilized with ProGP-1 all died rapidly (median: 10 days) from progressive leukemia. GVL effects were essentially lost in recipients of T cell-replete Jα18 -/-grafts but remained capable of reducing leukemic lethality in the majority of recipients of WT grafts ( Figure 4B ). To determine whether NKT cell activation via TCR ligation with α-GalCer (C20:2) can also enhance cellular cytotoxicity after SCT, recipients of G-CSF-mobilized grafts received either α-GalCer (C20:2) or control diluent on days 1 and 4 following transplantation. Cytotoxicity against host antigens was significantly increased following administration of α-GalCer (C20:2), and this was dependent on the presence of both NKT cells and CD8 + T cells ( Figure 4C ).
Enhanced cellular cytotoxicity following mobilization with ProGP-1 is not attributable to Flt-3L signaling or the modulation of donor DCs. Donor mobilization with ProGP-1 results in significant expansion of CD11c hi DCs, CD11c dim /B220 hi DCs (30) and granulocyte-monocyte APC precursors with regulatory properties, termed GM cells (37) . Both GM cells and CD11c + DCs are CD1d + (data not shown) and able to present ligands such as α-GalCer (C20:2) to sort-purified NKT cells to induce IFN-γ production ( Figure 5A ), suggesting these populations may be responsible for enhanced GVL effects after SCT. Depletion of CD11c + DCs from ProGP-1-mobilized grafts, however, did not impair cytotoxicity, and similarly, addition of GMs or CD11c + DCs from a ProGP-1-mobilized graft to G-CSF-mobilized whole spleen grafts failed to enhance cytotoxicity ( Figure 5B ). Mobilization with a combination of G-CSF and Flt-3L also markedly increased CD11c + DCs (Supplemental Figure 1D) . In order to examine the contribution of Flt-3L to the enhancement of cytotoxicity and GVL effects seen following ProGP-1 mobilization, we next examined the combined mobilization with G-CSF and Flt-3L. In vivo cytotoxicity was not enhanced by the addition of Flt-3L to G-CSF during mobilization ( Figure 5C ), and following allogeneic SCT and leukemic challenge (P815), overall survival and leukemic progression were equivalent ( Figure 5D ).
Donor mobilization with pegylated G-CSF enhances NKT cell responses to TCR ligation and increases GVL effects. The protection from GVHD
following stem cell mobilization with G-CSF is dose dependent and may also be enhanced via the augmentation of G-CSF activity by pegylation (23) . As shown in Figure 6A , mobilization with pegylated G-CSF (Peg-G-CSF) expanded splenic type 1 NKT cells and significantly increased functional responses to α-GalCer (C20:2). While recipients of Peg-G-CSF-treated grafts had increased cytotoxicity after SCT that was dependent on the presence of type 1 NKT cells ( Figure 6B ), this effect could not be reproduced by escalating the dose of standard G-CSF administered to donors ( Figure 6C ). Following allogeneic SCT and leukemic challenge (P815), overall survival was improved in recipients of Peg-G-CSF-mobilized stem cell grafts (Supplemental Figure 1E ) due to improved GVL effects ( Figure 6D ). Thus, augmentation of signaling via the G-CSF receptor is central to the enhanced cytotoxicity and GVL effects seen following mobilization with potent G-CSF analogs. It is important to note that donor NKT cells do not themselves regulate GVHD following stem cell mobilization with Peg-G-CSF since in separate experiments without leukemic challenge, GVHD mortality in recipients of WT grafts was significantly increased relative to recipients of NKT cell-deficient grafts (GVHD mortality at day 35 in recipients of Peg-G-CSF-mobilized Jα18 -/-vs. WT grafts, 6% vs. 44%; P < 0.02; data not shown).
Enhanced CD8 + cytotoxicity following mobilization with ProGP-1 is mediated via the perforin pathway. To determine the pathways responsible for the enhanced cytotoxicity observed following mobilization with ProGP-1, lethally irradiated mice received
Figure 3
Donor mobilization with ProGP-1 effectively separates GVHD and GVL effects following allogeneic SCT. Irradiated B6D2F1 mice received spleen grafts from B6D2F1 (syngeneic) or C57BL/6 (allogeneic) donors mobilized with control diluent, G-CSF, or ProGP-1 as indicated. At the time of transplant, mice also received a leukemic challenge of 1 × 10 4 P815. Overall survival and death due to leukemic progression or GVHD by Kaplan-Meier analysis are indicated (ProGP-1 allogeneic, n = 30; G-CSF allogeneic, n = 51; control allogeneic, n = 4; control syngeneic, n = 16). *P < 0.05 vs. ProGP-1.
grafts from WT donors or donors deficient in perforin, TNF-α, TNF-related apoptosis-inducing ligand (TRAIL), or FasL. As shown in Figure 7A , ProGP-1 mobilization of donors resulted in significantly superior cytotoxicity except when donors were perforin deficient. The absence of anti-host cytotoxicity in recipients of perforin-deficient grafts was confirmed using 51 Cr-release assays ( Figure 7B ). Phenotyping of spleen following SCT confirmed that loss of cytotoxicity in recipients of perforin -/-grafts was not due to impaired CD8 + T cell reconstitution ( Figure 7C ). In order to determine whether cytotoxic pathways additional to those studied were also invoked by ProGP-1 mobilization, purified CD8 + T cells from SCT recipients of perforin-deficient grafts were used as effectors in the highly sensitive fluorolysis assay, which measures relative cell death over a prolonged 48-hour period. Although cytotoxic pathways other than perforin contribute to GVL activity (18, 38) and perforin-independent cytotoxicity against allogeneic targets was detectable in the fluorolysis assay ( Figure 7D ), there were no significant differences attributable to donor mobilization with G-CSF or ProGP-1. Thus, the enhanced cytotoxicity following ProGP-1 mobilization is solely mediated through the perforin pathway.
Discussion
Stem cell mobilization with G-CSF reduces the capacity of T cells to induce acute GVHD on a per cell basis in preclinical models (15, 23, 30, 39) . In clinical practice, despite a 10-fold increase in the number of donor T cells transferred to recipients of G-CSFmobilized peripheral blood stem cells rather than bone marrow grafts, the incidence of acute GVHD is not increased (40) (41) (42) (43) (44) (45) . The ability of cytokines to induce regulatory T cells in vivo has been established (23, 46, 47) , and we have recently demonstrated that donor mobilization with ProGP-1 promotes the generation of a regulatory APC population (termed GM cells) and subsequently IL-10-producing CD4 + regulatory T cells (37) . The present data demonstrate that ProGP-1 mobilization also augments NKT cell number and function, promoting NKT cell-dependent host (C) Irradiated B6D2F1 mice received whole spleen from WT or Jα18 -/-donors or CD8β-depleted spleen from WT donors. All donors were mobilized with G-CSF. At days 1 and 4 following transplantation, recipients also received either α-GalCer (C20:2) or vehicle as indicated. In vivo cytotoxicity index determined at day 12 (n = 10 per group except Jα18 -/-+ C20:2, n = 5). Combined data from 2 identical experiments shown. **P < 0.01 vs. other groups.
DC activation and donor CD8 + T cell perforin-restricted cellular cytotoxicity, effectively separating GVHD and GVL effects.
The roles of NKT cells in leukemia eradication following SCT have not, to our knowledge, previously been examined. In the present study, increased cytotoxicity following ProGP-1 mobilization was absolutely dependent on the presence of CD8 + T cells, but maximal effects were also dependent on the presence of CD4 + T cells and NKT cells. Although cytokine-mediated CD4 + T cell help for CD8 + T cell cytotoxicity is well recognized (48), the NKT cell-mediated enhancement of GVL effects is, we believe, a new finding. Production of IFN-γ by NKT cells following α-GalCer stimulation is required for antitumor effects (49) , and both CD8 + T cells and NKT cells have been shown to be necessary for clearance of an established tumor in a transgenic mouse system (50) . Activated NKT cells therefore provide a central point through which the innate and adaptive immune systems may be bridged via the promotion of DC maturation (51) and priming of MHC class I-restricted CD8 + T cells (52) (53) (54) . Our data now demonstrate that donor mobilization with potent G-CSF analogs provides an effective mechanism to enhance these NKT cell-dependent effects and increase GVL effects. The role of NK1.1 + T cells in GVHD was previously studied in a model of allogeneic bone marrow transplantation. Zeng and colleagues demonstrated that the adoptive transfer of bone marrow- but not peripheral blood-derived NK1.1 + T cells suppresses GVHD. However, this study was prior to the more specific clas-
Figure 5
Enhanced cellular cytotoxicity following donor pretreatment with ProGP-1 is not attributable to Flt-3L signaling or the modulation of donor DCs. (A) GM cells and DCs from ProGP-1-mobilized WT C57BL/6 donors were cultured with nonmobilized C57BL/6 hepatic lymphocytes plus control diluent or α-GalCer (C20:2). *P < 0.05 vs. control. One of 2 identical experiments shown. (B) Irradiated B6D2F1 mice received whole spleen from WT donors mobilized with G-CSF or ProGP-1. Additional cohorts received whole G-CSF-mobilized spleen plus purified GMs or DCs from a ProGP-1-mobilized donor or ProGP-1-mobilized spleen depleted of CD11c + DCs. In vivo cytotoxicity index determined at day 12 (G-CSF-mobilized donors, n = 9; G-CSF-mobilized donors + ProGP-1 DCs, n = 9; G-CSF-mobilized donors + ProGP-1 GM, n = 5; ProGP-1-mobilized donors, n = 4; ProGP-1-mobilized donors CD11c depleted, n = 4). *P < 0.01 vs. G-CSF-mobilized groups. (C) Irradiated B6D2F1 mice received whole spleen from WT donors mobilized with G-CSF, G-CSF + Flt-3L, or ProGP-1 as described in Methods. In vivo cytotoxicity index determined at day 12 (n = 4 per group). (D) Irradiated B6D2F1 mice received whole spleen from B6D2F1 or C57BL/6 donors mobilized with G-CSF or G-CSF + Flt-3L. At the time of transplant, mice also received a leukemic challenge of 1 × 10 4 luciferase-transfected P815 cells. Overall survival by Kaplan-Meier analysis (control syngeneic, n = 11; other groups, n = 40). Representative Xenogen images at days 8 and 17 as described in Methods.
sification of NKT cell subsets in which at least 2 populations of CD1d-restricted NKT cells are now recognized to exist. The most prevalent and extensively studied are type 1 (or semi-invariant) NKT cells, which express a semi-invariant TCR (in the mouse consisting of a Vα14Jα18 TCR-α chain, preferentially paired with either Vβ8, Vβ7, or Vβ2), and are α-GalCer-loaded CD1d-tetramer positive (1). Other CD1d-restricted NKT cells have been identified (55) that express a more diverse TCR repertoire and have been referred to as type II NKT cells (1). Since the NK1.1 + T cell populations in earlier studies are likely to contain a mixture of subtypes (including CD1d-independent NKT-like cells), it is difficult to determine effects of type 1 NKT cells in isolation from this work (6) . Nevertheless, it strongly suggests the existence of an NKT cell population within the bone marrow with regulatory properties that is absent in the peripheral blood. In a model of allogeneic transplantation following sublethal irradiation, Morecki and colleagues reported that stimulation of NKT cells with α-GalCer following transplantation prevented GVHD (56) . This may reflect the stimulation of host NKT cells with α-GalCer, which has been shown to attenuate GVHD via Th2 polarization of donor T cells (57) . Although there is a reduction in GVHD following stem cell mobilization with potent G-CSF analogs, this effect is independent of NKT cells, since GVHD lethality was further reduced in the absence of NKT cells. Therefore, following stem cell mobilization with potent G-CSF analogs, regulatory T cell (23) and APC populations (37) within the donor inoculum compensate for the effect of enhanced CTL priming on GVHD that is driven by donor NKT cells.
ProGP-1 stimulates both G-CSF and Flt-3L receptors and dramatically expands DCs (27, 28) . Since host APCs are required for both GVHD (58) and GVL effects (35), we considered whether enhanced cross presentation of host antigens by expanded donor APCs may contribute to the enhanced GVL effects observed. Surprisingly, neither Flt-3L signaling nor associated effects on donor APCs influenced in vivo cytotoxicity or GVL effects. Mobilization with Peg-G-CSF, however, also resulted in increased in vivo cellular cytotoxicity following SCT, which was again NKT cell dependent. Matte and colleagues recently reported that donor APCs are not required for CD8-mediated GVL effects in a murine model of donor lymphocyte infusion and chronic myeloid leukemia (59) . Thus, enhanced GVL effects following mobilization with ProGP-1 appear to be attributable to signaling via the G-CSF receptor and subsequent effects on NKT cells rather than the Flt-3L receptor or associated effects on donor APCs.
Figure 6
Donor mobilization with Peg-G-CSF expands type 1 NKT cells, enhances in vitro responses to α-GalCer, and increases GVL effects. (A) C57BL/6 mice received control, G-CSF 2 µg/animal/day from days -6 to -1, or Peg-G-CSF 12 µg/animal on day -6 only (n = 8 per group). Whole spleen was then cultured with α-GalCer (C20:2) and supernatant IFN-γ determined by cytokine bead array after 24 hours. *P < 0.05 vs. control. Combined data from 2 experiments shown. (B) Irradiated B6D2F1 mice received whole spleen from WT or Jα18 -/-donors mobilized with G-CSF 2 µg/animal/day from days -6 to -1 or Peg-G-CSF 12 µg/animal on day -6 only. In vivo cytotoxicity index determined at day 12 (WT G-CSF, n = 14; WT Peg-G-CSF, n = 10; other groups, n = 5). **P < 0.01 vs. other groups. (C) Irradiated B6D2F1 mice received whole spleen from C57BL/6 donors mobilized with G-CSF 2 µg/animal/day from days -6 to -1, G-CSF 10 µg/animal/day from days -6 to -1, or Peg-G-CSF 12 µg/animal on day -6 only. In vivo cytotoxicity index determined at day 12 (n = 6 per group). **P < 0.01 vs. other groups. (D) Irradiated B6D2F1 mice received whole spleen from B6D2F1 or C57BL/6 donors mobilized with G-CSF 2 µg/animal/day from days -6 to -1 or Peg-G-CSF 12 µg/animal on day -6 only. At the time of transplant, mice also received a leukemic challenge of 5 × 10 4 luciferase-transfected P815 cells. Leukemia-free survival by Kaplan-Meier analysis (syngeneic control, n = 8; other groups, n = 18). **P < 0.01 vs. Peg-G-CSF. Representative Xenogen images at day 20 shown.
Enhanced signaling via the G-CSF receptor may directly or indirectly induce NKT cell expansion and functional changes. NKT cells are expanded in G-CSF transgenic mice (32) , and G-CSF receptor mRNA has been demonstrated in NKT-like cells (60) . Yanagisawa and colleagues demonstrated that impaired proliferative responses of Vα24 NKT cells to α-GalCer in patients with malignancies could be restored following ex vivo culture with G-CSF (61). In our studies, however, the degree of cellular cytotoxicity following stem cell mobilization with standard G-CSF was not dependent on the presence of type 1 NKT cells. Thus, molecular alterations in the new G-CSF moieties appear to result in the augmentation of signaling that profoundly influences NKT cell expansion and function. In clinical practice, mobilization with G-CSF is not associated with modulation of NKT cell function, and NKT cells are not expanded in G-CSF-mobilized stem cell grafts from healthy donors (62, 63) . Although recent studies have examined NKT cell reconstitution following allogeneic SCT (64) , functional modulation of NKT cells and effects on GVHD or leukemia eradication remain to be determined in a clinical setting.
We propose, therefore, that donor mobilization with potent G-CSF analogs promotes expansion and activation of type 1 NKT cells, which produce large amounts of IFN-γ following activation. Following transplantation, NKT cells may thus be activated by either antigen (presented by host or donor CD1d + APCs) or cytokine stimulation (e.g., IL-12, IL-18) (65-67), leading to the generation of large amounts of IFN-γ that promote early host DC activation and CD8 + T cell priming (52) (53) (54) . Although enhanced host DC activation and CTL priming may be expected to increase GVHD, we have previously shown that mobilization with Peg-G-CSF or ProGP-1 attenuates CD4 + T cell-mediated GVHD (23, 30) . Mobilization with Peg-G-CSF induces the generation of IL-10-producing regulatory T cells prior to transplantation, which subsequently regulate GVHD (23) . We have also recently demonstrated that ProGP-1 and G-CSF expand a GM precursor population that differentiates into CD40 neg APC following transplantation and that these cells promote the generation of MHC class II-restricted antigenspecific IL-10-secreting regulatory T cells (37) . Thus, these cytokines regulate CD4-dependent GVHD responses via effects on T cells within the donor prior to SCT in addition to effects on donor APC and subsequent regulatory T cell generation after SCT. Regulatory T cells have been shown to prevent GVHD (68-70) without impairing GVL effects (25, 26) . Mobilization with potent G-CSF analogs thus allows concurrent enhancement of NKT cell number and activity, promoting host DC activation and subsequent CD8-dependent GVL effects while promoting the generation of regulatory T cells preventing CD4-dependent GVHD. This provides a therapeutic strategy to allow allogeneic hemopoietic transplantation across MHC barriers while enhancing immunological tumor clearance, potentially greatly expanding the applicability of allogeneic SCT.
Methods
Mice. Female C57BL/6 (H-2 b , CD45.2 + ), B6 PTPRC A (H-2 b , CD45.1 + ), and B6D2F1 (H-2 b/d , CD45.2 + ) mice were purchased from the Animal Resources Centre. C57BL/6 Jα18 -/-, perforin -/-, TNFα -/-, TRAIL -/-(kindly provided by Jacques Peschon, AMGEN, Seattle, Washington, USA), and FasL -/-mice as described (49, 71) (backcrossed for at least 10 generations to C57BL/6) were supplied by the Australian National University and The Peter MacCallum Cancer Centre. Mice were housed in sterilized microisolator cages and received acidified autoclaved water (pH 2.5) after transplantation.
Cytokine mobilization. Cytokines were diluted in 0.9% normal saline and injected subcutaneously as follows: ProGP-1 (Pharmacia), 20 µg/animal, days -10 to -1; recombinant human Peg-G-CSF (Amgen Inc.), 12 µg/animal, day -6 only; recombinant human G-CSF (Amgen Inc.), 10 µg/animal, days -10 to -1 (for G-CSF vs. ProGP-1) or 2 µg/animal, days -6 to -1 (for G-CSF vs. Peg-G-CSF); Flt-3L (Pharmacia), 10 µg/animal/day, days -10 to -1 (in combination with G-CSF, 10 µg/animal/day, days -10 to -1). Donor spleens were harvested on day 0.
SCT. Mice were transplanted as described previously (23, 30) . In brief, on day -1, B6D2F1 mice received 1100 cGy total body irradiation ( 137 Cs source
Figure 7
The enhanced cytotoxicity observed following donor pretreatment with ProGP-1 is mediated solely via the perforin pathway. (A) Irradiated B6D2F1 mice received whole spleen from WT, Perforin -/-, TNFα -/-, TRAIL -/-, or FasL -/-donors mobilized with G-CSF or ProGP-1. In vivo cytotoxicity index was determined at day 12 (n = 4 per group). *P < 0.05 ProGP-1 vs. G-CSF within matched donor groups. (B) CD8 + T cells were sort-purified at day 13 from recipients of WT or Perforin -/-spleen and utilized as effectors in 51 Cr-release CTL assays; P815 target population. *P < 0.05 WT ProGP-1 vs. all other groups. (C) Total CD8 + T cells per spleen at day 13 after transplant (n = 4 per group). (D) CD8 + T cells were sort-purified at day 13 from recipients of Perforin -/-spleen and utilized as effectors in fluorolysis CTL assays as described in Methods. Host-type target, P815; donor-type target, EL4.
at 108 cGy/min) split into 2 doses separated by 3 hours to minimize gastrointestinal toxicity. Donor splenocytes, corrected to administer equivalent numbers of CD3 + T cells, were injected intravenously on day 0. Animal procedures were undertaken using protocols approved by the Queensland Institute of Medical Research animal ethics committee. Transplanted mice were monitored daily, and those with GVHD clinical scores of 6 or greater were sacrificed and the date of death registered as the next day in accordance with institutional animal ethics committee guidelines.
α-GalCer. In experiments examining the effects of α-GalCer stimulation, we utilized a newly described form of α-GalCer that contains a C20 diunsaturated fatty acid (C20:2 (cis, cis-11,14) eicosadienoic acid). In other respects, the structure of this α-GalCer (here referred to as C20:2) is identical to the previously described α-GalCer KRN7000. The C20:2 compound has been shown to be a potent and more specific activator of murine NKT cells when compared with KRN7000 (72). Lyophilized C20:2 was reconstituted in a 0.5% solution of PBS/20% Tween-20 at a final concentration of 500 µM. In vitro α-GalCer stimulation was at a final concentration of 10 ng/ml. In vivo, intraperitoneal α-GalCer at 2 µg/animal was administered on days 1 and 4 after SCT.
T cell depletion. Splenocytes were depleted of either all T cells or specific T cell subtypes for individual experiments. For total T cell depletion, splenocytes were incubated with hybridoma supernatants containing anti-CD8 (TIB211) and anti-Thy1.2 (HO-13-4) monoclonal antibodies followed by incubation with rabbit complement (Cedarlane Laboratories Ltd.) as previously described (30) . Resulting cell suspensions contained less than 1% contamination of viable T cells. In some experiments, splenocytes were depleted of CD4 + T cells, CD8β + T cells, or both. Splenocytes were incubated with purified anti-CD4 (GK1.5) or anti-CD8β (H35-17.2) followed by goat anti-rat IgG microbeads (Miltenyi Biotec) and MACS column magnetic separation. Resulting cell suspensions contained less than 1% contamination of the relevant phenotype.
Assessment of GVHD. The degree of systemic GVHD was assessed by scoring as previously described (maximum index = 10) (18, (73) (74) (75) .
Leukemia challenge. The mastocytoma cell line, P815 (H-2 d , CD45.2 + ), derived from DBA-2 mice, was injected intravenously into B6D2F1 recipients on day 0 of transplantation at doses as indicated. Survival and clinical scores were monitored daily, and the cause of death (determined by postmortem examination) established as GVHD or leukemia. Leukemic death was defined by Xenogen imaging or the occurrence of either macroscopic tumor nodules in the liver or spleen, or hind-limb paralysis. GVHD death was defined by the presence of clinical signs of GVHD, assessed by the clinical scoring system, and the absence of leukemia. At the time of death from leukemia, GVHD survival data for an individual animal is censored at that time point and vice versa. Data were analyzed using the product limit method of Kaplan and Meier and survival curves compared using the log rank test (GraphPad Prism 4; GraphPad Software).
Xenogen imaging. In vivo imaging was performed as previously described (76) using an IVIS Imaging System (Xenogen). Mice were anesthetized with isoflurane and received 0.5 mg luciferin (Xenogen) subcutaneously. Mice were imaged 5 minutes later for 1 minute. Pseudo-color images showing the whole-body distribution of bioluminescent signal (photons/second/ cm 2 /steer radiant) were superimposed on conventional grayscale images.
CFSE labeling. CFSE labeling of T cells was performed as previously described (77) . In brief, splenocytes were suspended at a density of 3 × 10 7 cells/ml, and CFSE (Invitrogen Corp.) was added at a final concentration of 2 µM. Cells were incubated at 37°C for 10 minutes and washed.
In (78) . Target cells (host-type P815, H-2 d ; donor-type EL4, H-2 b ) were cultured with donor CD8 + effectors, purified from the spleen of recipients 14 days after SCT for 5 hours at 37°C and 5% CO2, and 51 Cr release into supernatants was determined via gamma counter (TopCount Microplate Scintillation Counter; Packard Instrument Co.). Spontaneous release was defined from wells receiving targets only and total release from wells receiving targets plus 1% Triton X-100. Percentage cytotoxicity was calculated as follows: % cytotoxicity = (experimental release - spontaneous release)/(total release - spontaneous release) × 100.
Fluorolysis assay. Fluorolysis cytotoxicity assays were performed as previously described (79) . In brief, P815 and EL4 target cells, stably transfected with a plasmid expressing the enhanced green fluorescent protein (EGFP) gene, were incubated with CD8 + T cells purified from the spleen of recipients 14 days after SCT for 48 hours. The degree of target cell lysis was measured by flow cytometry to count the number of viable propidium iodide-negative, EGFP-positive cells, whose numbers were standardized to a reference number of fluorochrome-linked beads. Percentage of lysis was calculated as follows: (1 - (experimental targets remaining/targets remaining in wells receiving targets only)) × 100.
Hepatic lymphocyte and NKT cell isolation. Donor mice were sacrificed and livers perfused in situ with 5-10 ml of cold PBS via the hepatic portal vein. Livers were then removed and homogenized and lymphocytes isolated by room temperature isotonic Percoll density centrifugation (Amersham Biosciences) per manufacturer's instructions. NKT cells were FACS sorted (MoFlo, DakoCytomation) as the positive staining population following staining with TCR-FITC and NK1.1-PE within the CD11b-PE-Cy5 and 7-aminoactinomycin D (eBioscience) negative population. At the end of sorting, more than 85% of the cells were TCR + NK1.1 + .
DC and GM cell isolation and stimulation. DC purification was undertaken as previously described (80) . In brief, low-density cells were selected from digested spleen by nycodenz density gradient (1.077 g/l) centrifugation. Non-DC-lineage cells were depleted by coating with rat IgG antibodies to B cells (CD19), T cells (CD3, Thy1), granulocytes (Gr-1), and erythroid cells (Ter-119). The coated cells were then removed by anti-rat IgG-conjugated magnetic beads (Invitrogen Corp.). At the end of this procedure, 50-70% of cells were DCs (class II + /CD11c + ), and 30-50% were GM cells. GM cells were FACS sorted (MoFlo, DakoCytomation) as the negative staining population following staining with CD11c-FITC and PE-conjugated lineage antibodies (B220, CD19, CD3). At the end of sorting, more than 95% of the cells were negative for CD11c and lineage markers. DCs were sorted as the CD11c hi B220 neg population to greater than 90% purity. Purified DCs were stimulated with LPS (1 µg/ml) and phosphorothioated oligo CpG (1668, 0.5 µM) (81) .
In vitro NKT cell stimulation. Whole spleen or sort-purified hepatic NKT cells plus purified GM cells or DCs were cultured in the presence of the α-GalCer analog C20:2 at a final concentration of 10 ng/ml, or control diluent.
FACS analysis. The following mAbs were purchased from BD Biosciences - Pharmingen: FITC-conjugated Gr1 (RB6-8C5), CD11b (M1/70), CD31 (clone 390), CD45.2 (clone 104) and IgG2a isotype control; PE-conjugated CD3 (2C11), CD4 (GK1.5), CD8α (53-6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD40 (3/23), CD45.1 (A20), CD45R/B220 (RA3-6B2), CD80
